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David J. Wesolowski2 
Received July 11, 1994 
The first and second molal dissociation quotients of succinic acid were 
measured potentiometrically with a hydrogen-electrode, concentration 
cell. These measurements were carried out from 0 to 225"C over 25 ° in-
tervals at five ionic strengths ranging from 0.1 to 5.0 molal (NaCl). 
The dissociation quotients from this and two other studies were com-
bined and treated with empirical equations to yield the following ther-
modynamic quantities for the fjrst acid dissociation equili~rium at 25°C: 
10gKIa = -4.210±O.003; LlHla = 2.9±O.2 kl-moZ- l ; LlSl a = -71±1 J-
moZ-1-KI; and LlC;la = -98±3 J-mol·l-K·I; and for the second acid dis-
sociation equilibrium at 25°C: logK2a = -5.638±0.001; LlH~a = 
-0.5±O.1 kl-mot l ; LlsL = -109.7±O.4 J-motl-K· 1; and LlC;2a = 
-215±8 J-mol·l-K·I. 
KEY WORDS: Succinic acid; butanedioic acid; dissociation con-
stants; thermodynamics; potentiometry; ionic strength. 
1 . INTRODUCTION 
Succinic (butanedioic) acid is found in a wide variety of geo-
logical, industrial, and biological fluids. Of relevance to geological 
research are reports of succinic acid in basinal brines,(l) saline spring 
waters that are believed to be have been derived from basinal brines,(2) 
product waters obtained during hydrous pyrolysis of kerogen,(3,4) and 
product waters from a number of different types of enhanced oil re-
covery and synthetic fuels operations. (5) Succinic acid participates in 
the tricarboxylic acid cycle of plants and is, therefore, abundant in 
the aqueous systems of plants and soils.(6) Because of its bidentate 
1 Department of Geology, University of Nebraska, Lincoln, NE 68588-0340. 
2Chemical and Analytical Sciences Division, Oak Ridge National Laboratory, P. O. 
Box 2008, Building 4500S, Oak Ridge, TN 37831-6110. 
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character, it may play an important role in the binding, dissolution 
and transport of metal ions; both those occurring naturally in soils 
and those originating from toxic contamination and waste sites. 
Thus, succinate may aggravate or ameliorate metal phytotoxicity(7,8) 
and is a possible chelating agent for the treatment of Al toxicity in 
animals. (9) The bidentate character of succinate is directly relevant to 
weathering and sedimentary diagenesis: formation of aqueous Al-di-
carboxylate chelates increases the solubility of alumino silicate min-
erals,(10) and chelates formed with Al at the mineral-solution interface 
act to increase the rate of mineral dissolution. (11) The latter factor, 
coupled with the relatively high thermal stability of aqueous succi-
nate (ef oxalate and malonate), may have important practical utility 
in the chemical cleaning of boilers and heat-transfer units of fossil 
fuel and nuclear power plants. 
The thermodynamics of the acid dissociation equilibria of 
other important, relatively-abundant carboxylic acids in NaCI brines 
have been studied in this series using a hydrogen-electrode concen-
tration cell to the limit of their thermal stability: formic to 200°C;(12) 
acetic to 300°C (which is the upper limit of operation of the concen-
tration cell);(13) benzoic to 250°C;(14) oxalic to 175°C;(15) and malonic 
acid to lOO°e. (16) 
The step-wise equilibria for the acid dissociation of succinic 
acid are described in Eqs. (l, 2). 
C2H4C204H2 P H+ + C2H4C20 4H-
C2H4C20 4H- p H+ + C2H4C20~-
(1) 
(2) 
The stoichiometric, stepwise equilibrium quotients for these two dis-
sociation reactions are 
[H+] [C2H4C20 4H-] 
[C2H4C204H2] 
[H+][C2H4C20~- ] 
Q2a = [C2H4C20 4H] 
(3) 
(4) 
The experimental determinations of these constants that have been 
reported previously (Table I) are relevant only for near-ambient 
conditions. 
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Table I. Summary of the Thermodynamic Data for the Acid 




































































































































a These values were obtained from potentiometric measurements unless otherwise 
indicated. b Units: kJ-mol· l . C These values were combined with the results of this 
study in the fitting process. d Extrapolated to zero ionic strength in a "self' medium 
unless otherwise stated. e Heats of reaction obtained from titration calorimetry us-
ing log K values from Pinching and Bates.(17,18) fLog KIa obtained from conductiv-
ity measurements using the "best fit" value for A O(bisuccinate). g Heats of reaction 
obtained from solution calorimetry using log K values from Jones and Soper.(28) 
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Table II. Starting Molal Solution Compositions 
Test Cell Reference Cell 
Rilll m m m m m 
No. (NaCl) (H4C2C204Hz) (NaOH) (NaCl) (HCl) 
1 0.9795 0.03995 0.01993 0.9950 0.005000 
2 0.9791 0.03982 0.01992 0.9950 0.005000 
3 0.9948 0.008062 0.004027 0.9950 0.005000 
4 0.9835 0.04000 0.02001 0.9976 0.005019 
5,6 0.09793 0.003983 0.001992 0.09948 0.0004999 
7,16 0.3264 0.01328 0.006642 0.3314 0.001666 
8,11 4.970 0.04028 0.02012 4.995 0.005000 
9,10 2.984 0.02418 0.01208 2.996 0.002999 
12,13 0.9976 0.03341 0.06350 0.9976 0.005019 
14 0.9856 0.006629 0.01266 0.9976 0.005019 
15,23 4.913 0.03304 0.06309 4.995 0.005000 
17 2.946 0.2003 0.03783 2.997 0.003000 
18,20,21 0.09070 0.003322 0.006312 0.09936 0.0005001 
19,22 0.3024 0.01107 0.02104 0.3311 0.001666 
24 2.949 0.01983 0.03787 2.997 0.003000 
25 0.09825 0.003996 0.001999 0.1002 0.0005044 
26 0.09810 0.003986 0.001994 0.09946 0.0005004 
2. EXPERIMENTAL 
2.1. Materials 
All solutions were prepared from reagent grade chemicals and 
distilled, deionized water (resistivity ~ 0.18 MOm). Concentrated 
stock solutions of NaCI, NaOH and HCI used to make up the desired 
experimental solutions were stored under argon in polypropylene 
containers. The compositions of the solutions used in each experi-
ment are listed in Table II. Reagent grade succinic acid (Baker Ana-
lyzed, lot D15099) was mixed with ca. 1:0.5 and 1:1.9 mole ratios of 
the stock NaOH solution to provide optimal conditions for studying 
Qla and Q2a' respectively. The procedure for preparing these solu-
tions is described in previous publications.(lS,16) The high tempera-
ture cell was purged five times and pressurized at room temperature 
to ca. 15 bar with ultrapure hydrogen (Matheson 99.999%). 
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2.2. Apparatus 
The modified hydrogen-electrode concentration cell is de-
scribed elsewhere.(IS,30,31) The solution compositions listed in Table 
II refer to the cell configuration 
Pt,H21 C2H4C204H2,NaG,NaOH II NaG,HCll H20Pt 
Similarly, the experimental procedure was described in detail in a 
previous publication. (16) 
3. RESULTS 
The measured cell potentials E at each experimental condition 
are listed in Tables III and IV. The potential is dependent on the 
relative hydrogen ion molalities in the two compartments (test and 
reference) as dictated by the Nemst relationship 
RT ([H+]t) 
E = - FIn [H+]r - E1j (5) 
where the hydrogen ion molality in the reference compartment [H+]r 
is calculated from the known stoichiometric concentration of HCI 
after adjustment for loss of water vapor to the head space of the ves-
sel and self-dissociation of water; the ideal gas and Faraday constants 
are designated by Rand F, respectively; and the temperature in 
Kelvin is denoted by T. The ionic strength is adjusted with the 
swamping electrolyte (NaCI) to be the same in the test and reference 
compartments (Table II) in order to set the ratio of activity coeffi-
cients (Yr / it) of the minor ions to approximately unity. 
The second term in Eq. (5) is an approximation for the liquid 
junction potential (denoted by elj in Tables III and IV) calculated 
using the full Henderson equation [Eqs. (2 - 12) in Baes and Mes-
mer(32)]. The limiting equivalent conductances for all species except 
succinate and bisuccinate are taken from Quist and Marshal1.<33) 
Succinate and bisuccinate are assigned the A ° values(27) for these ions 
at 25°C; extrapolations to higher temperatures are performed assum-
ing that the Walden product(34) remains constant. Values for water 
viscosity required for the Walden equation are taken from Hamed 
and Owen(3S) for 0 to 100°C and from Haar et al.(36) for temperatures 
exceeding 100°C. The maximum absolute value of the liquid junc-
tion potential is less than 0.18 m V in Table III. If the Henderson 
equation is capable of approximating the liquid junction potential to 
within 25%,(37) then the uncertainty in log Q la added by the use of a 
cell with liquid junction is <0.0005. In Table IV the maximum abso-
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Table ill. Experimental Results for the First Dissociation Quotient 
of Succinic Acid at Saturation Pressure 
Expt. la pH 
" 













































































1.496 0.005 3.831 0.003 7.625 0.012 
1.496 0.005 3.862 0.003 7.253 0.011 













1.481 0.005 3.814 0.004 
1.483 0.005 3.865 0.003 















6.924 O.oI 1 
200.0 1.012 154.83 0.08 3.946 1.487 0.005 3.960 0.003 6.638 0.011 






























































0.104 111.55 -0.17 
0.334 63.26 0.09 










































1.472 0.005 3.965 0.003 8.498 0.012 
1.477 0.005 4.042 0.003 7.581 0.012 
1.473 0.005 3.998 0.004 9.780 0.015 
1.472 0.005 3.965 0.004 9.074 0.013 
1.474 0.005 3.993 0.003 8.003 0.012 
1.477 0.005 4.042 0.003 7.581 0.012 
1.481 0.005 4.111 0.003 7.216 0.011 
1.484 0.005 4.197 0.003 6.897 0.011 
1.488 0.005 4.301 0.003 6.616 0.011 
4.410 1.491 0.005 4.413 0.003 6.378 0.011 
3.926 1.491 0.005 3.985 0.004 10.468 0.016 











1.489 0.005 3.882 0.004 9.084 0.013 
1.489 0.005 3.873 0.004 8.502 0.012 
1.490 0.005 3.925 0.003 7.588 0.012 
1.493 0.005 4.046 0.003 6.900 0.011 
1.495 0.005 4.212 0.003 6.381 0.011 
1.500 0.005 4.474 0.004 10.556 0.015 
1.499 0.005 4.343 0.004 9.945 0.014 
1.499 0.005 4.210 0.004 9.306 0.013 
1.498 0.005 4.103 0.003 8.764 0.012 
1.497 0.005 3.957 0.003 7.846 0.012 
174.9 5.025 134.74 -0.04 3.813 1.497 0.005 3.866 0.003 7.087 0.012 
224.8 5.155 141.71 -0.05 3.721 1.496 0.005 3.797 0.003 6.436 0.012 







Table III. Continued 
2.997 87.21 0.02 
2.997 87.88 0.01 
2.997 89.95 0.00 
2.998 93.02 -0.01 
3.000 97.01 -0.02 
3.003 101.81 -0.02 
pH n 
4.103 1.497 0.005 4.161 0.004 10.549 0.016 
4.009 1.496 0.005 4.064 0.004 9.899 0.014 
3.926 1.496 0.005 3.974 0.003 9.225 0.013 
3.869 1.495 0.005 3.912 0.003 8.660 0.012 
3.833 1.494 0.005 3.870 0.003 8.169 0.012 
3.811 1.494 0.005 3.846 0.003 7.738 0.012 
149.9 3.008 107.27 -0.03 3.799 1.494 0.005 3.833 0.003 7.354 0.012 
10 25.0 2.997 87.94 0.01 4.010 1.497 0.005 4.065 0.004 9.896 0.014 
100.0 3.000 97.03 -0.02 3.833 1.495 0.005 3.871 0.003 8.168 0.012 
174.9 3.019 114.20 -0.03 3.804 1.494 0.005 3.840 0.003 6.999 0.011 
II 25.0 4.991 116.93 0.00 4.278 1.499 0.005 4.342 0.004 9.945 0.014 
100.0 4.994 123.85 -0.02 3.973 1.498 0.005 4.021 0.003 8.280 0.012 
149.9 5.009 131.01 -0.03 3.860 1.497 0.005 3.908 0.003 7.450 0.012 
16 24.9 0.334 64.30 0.05 3.866 1.490 0.005 3.922 0.004 9.787 0.014 
100.1 0.334 79.94 -0.06 3.857 1.489 0.005 3.890 0.003 8.010 0.012 
149.9 0.334 99.05 -0.10 3.956 1.492 0.005 3.980 0.003 7.218 0.011 
199.9 0.338 125.67 -0.14 4.110 1.494 0.005 4.130 0.003 6.618 0.011 
25 100.1 0.100 51.69 -0.13 3.993 1.474 0.005 3.996 0.003 7.999 0.012 
26 5.2 0.100 39.62 0.05 4.019 1.476 0.005 4.048 0.004 10.460 0.016 
25.0 0.100 39.57 0.00 3.970 1.473 0.005 3.993 0.004 9.779 0.015 
100.0 0.100 51.52 -0.10 3.995 1.474 0.005 3.998 0.003 7.998 0.012 
a Units: °C. b Unit~: m. C Units: m V. d Liquid junction potential. See text. 
lute value is 0.81 mY corresponding to an uncertainty of 0.002 in 
log Q2a' A recent criticism of the Henderson approximation(38) has 
focussed on the errors introduced by the assumption of unit activity 
coefficients. These errors are small: the Henderson equation yields 
liquid junction values that are within 10% of the actual values for 
many systems comprising aqueous solutions of strong electro-
lytes. (37,38,39) The examples cited consider junctions between solutions 
with different solutes, solute concentrations, and acidities. The 
solution compositions used in this study were selected to match both 
acidity and ionic strength in the test and reference compartments. 
This approach minimizes both the liquid junction potentials and 
errors in estimating those potentials. 
The iterative determination of the molalities of the succinate 
species has been described previously. (15,16) This procedure involves 
adjusting the original stoichiometric quantities given in Table II for 
the pH shift at temperature calculated from the reference hydrogen 
72 
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Table IV. Experimental Results for the Second Dissociation 















1.006 259.45 -0.58 
1.008 306.12 -0.67 
1.012 359.43 -0.73 
1.006 210.22 -0.42 
1.006 221.66 -0.47 
6.094 0.099 0.005 5.130 0.026 9.331 0.029 
6.036 0.099 0.005 5.072 0.026 8.644 0.029 
6.019 0.099 0.005 5.056 0.026 7.907 0.029 
6.047 0.099 0.005 5.084 0.026 7.278 0.028 
6.167 0.100 0.005 5.206 0.026 6.252 0.028 
6.332 0.100 0.005 5.376 0.026 5.456 0.028 
6.100 0.099 0.005 5.136 0.026 9.326 0.029 




100.0 1.007 282.00 -0.64 6.099 0.099 0.005 5.137 0.026 6.729 0.028 
149.9 1.009 322.22 -0.70 6.248 0.100 0.005 5.288 0.026 5.827 0.028 




































0.005 5.540 0.025 4.860 0.028 
0.005 5.117 0.029 9.342 0.032 
0.005 5.061 0.029 8.653 0.031 
0.005 5.130 0.029 6.736 0.030 
0.005 5.198 0.028 6.258 0.030 
6.271 0.093 0.005 5.277 0.028 5.839 0.030 
6.435 0.106 0.005 5.507 0.025 4.897 0.028 
6.697 0.091 0.005 5.689 0.029 9.347 0.031 
6.565 0.091 0.005 5.558 0.029 8.731 0.031 
6.447 0.091 0.005 5.440 0.029 8.074 0.031 
75.0 5.008 280.91 -0.11 6.366 0.091 0.005 5.359 0.029 7.508 0.031 
100.0 5.011 296.85 -0.12 6.309 0.091 0.005 5.302 0.029 7.002 0.031 
125.0 5.015 312.85 -0.13 6.259 0.091 0.005 5.253 0.029 6.552 0.031 
149.9 
17 0.9 
5.026 329.37 -0.13 
3.002 209.58 -0.08 
6.222 0.091 0.005 5.216 0.029 6.143 0.031 
6.376 0.111 0.005 5.468 0.024 9.421 0.027 
25.0 3.002 221.01 -0.09 6.258 0.111 0.005 5.350 0.024 8.614 0.027 
50.0 3.002 235.39 -0.10 6.193 0.111 0.005 5.285 0.024 7.916 0.026 










0.005 5.252 0.024 6.788 0.026 
0.005 5.259 0.024 6.325 0.026 
18 5.1 
3.012 307.15 -0.14 
0.100 162.15 -0.43 
0.100 172.55 -0.49 
0.100 189.01 -0.54 
0.100 208.43 -0.59 
0.100 230.46 -0.65 
6.1790.1120.0055.2740.0245.9130.026 
6.230 0.100 0.005 5.269 0.026 9.245 0.030 
6.210 0.100 0.005 5.249 0.026 8.526 0.029 
6.240 0.100 0.005 5.281 0.026 7.760 0.029 
6.310 0.100 0.005 5.351 0.026 7.110 0.028 
6.404 0.101 0.005 5.449 0.026 6.547 0.028 
6.519 0.102 0.005 5.569 0.026 6.054 0.028 
6.125 0.099 0.005 5.160 0.026 9.289 0.030 
6.084 0.099 0.005 5.120 0.026 8.589 0.029 
6.090 0.099 0.005 5.127 0.026 7.840 0.029 
6.148 0.099 0.005 5.168 0.026 7.194 0.028 
6.230 0.100 0.005 5.269 0.026 6.631 0.028 



















0.333 212.87 -0.54 
0.334 233.30 -0.59 
0.334 256.22 -0.65 
0.334 280.93 -0.68 
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Table IV. Continued 
pH n 
20 24.9 0.103 173.08 0.50 6.236 0.099 0.005 5.273 0.026 8.502 0.029 
100.1 0.103 229.83 0.55 6.412 0.100 0.005 5.455 0.026 6.539 0.028 
149.9 0.103 279.25 0.61 6.634 0.105 0.005 5.702 0.025 5.621 0.027 
175.0 0.104 305.33 0.65 6.740 0.113 0.005 5.841 0.023 5.249 0.026 
21 24.9 0.100 173.58 -0.48 6.228 0.099 0.005 5.265 0.026 8.512 0.029 
22 
100.0 0.100 230.53 -0.65 6.406 0.100 0.005 5.488 0.026 6.548 0.028 
149.9 0.100 280.57 -0.72 6.634 0.105 0.005 5.702 0.025 5.624 0.027 
174.9 0.101 307.03 -0.75 6.744 0.113 0.005 5.845 0.023 5.249 0.026 
200.0 0.101 333.70 -0.78 6.842 0.124 0.005 5.991 0.022 4.926 0.025 
24.9 0.333 196.91 -0.49 6.099 0.098 0.005 5.132 0.027 8.577 0.029 
100.1 0.334 256.41 -0.65 6.232 0.099 0.005 5.267 0.026 6.632 0.028 





0.336 336.80 -0.75 
0.338 366.19 -0.78 
0.346 395.94 -0.81 
5.006 252.25 -0.09 
5.009 296.50 -0.12 
6.555 0.102 0.005 5.608 0.026 5.337 0.028 
6.665 0.106 0.005 5.735 0.025 5.011 0.027 
6.759 0.111 0.005 5.854 0.024 4.737 0.026 
6.565 0.091 0.005 5.557 0.029 8.734 0.031 






5.023 329.13 -0.13 6.219 0.091 0.005 5.213 0.029 6.146 0.031 
5.039 345.64 -0.14 6.184 0.091 0.005 2.180 0.028 5.773 0.030 
5.073 361.20 -0.15 6.141 0.092 0.005 5.140 0.028 5.440 0.030 
3.005 221.45 -0.09 6.262 0.090 0.005 5.253 0.029 8.711 0.031 
3.008 269.27 -0.12 6.157 0.090 0.005 5.149 0.029 6.890 0.031 
174.9 3.026 326.67 -0.14 6.193 0.091 0.005 5.191 0.028 5.647 0.030 
200.0 3.047 345.83 -0.14 6.199 0.093 0.005 5.204 0.028 5.326 0.030 
a See Table III for footnotes. 
ion molality and the cell potential corrected for the liquid junction 
potential [Eq. (5)]; this process includes correction for the small 
changes in ionic strength that result from the shift in speciation. The 
results of this calculation are presented in Tables III and IV, includ-
ing values of pH from Eq. (5) (pH is defined here as the negative 
logarithm of the molal concentration of H+). For the purposes of 
these calculations the degree of association (Tables III and IV) is de-
fined as 
n (6) 
where mx represents the stoichiometric molalities of the reagents in 
solution, whereas the terms in brackets represent the measured molal-
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ity of hydrogen ions and the molality of hydroxide ions contributed 
from the dissociation of water. (40) 
4. DISCUSSION 
The molal dissociation quotients for succinic acid are suffic-
iently similar in magnitude that treatment of the experimental data 
must take both into account. As the experimental conditions 
(temperature and ionic strength) in each series of experiments were 
not identical, it proved impractical to solve the entire data set in a 
unique simultaneous fit and an iterative approach was adopted. In 
the determination of log Qla from the data in Tables II and III ac-
cording to Eq. (3), the molalities of the principal species were calcu-
lated from the charge balance equation 
_ mNaOH + [H+] - [OH-] 
[C2H4C20 4H ] = 1 + 2Q2a / [H+] (7) 
and the succinate mass balance 
[C2H4C204H2] = mC2I4C20412 - [C2H4C20 4H-]( 1 + [91:]) (8) 
Values for log Q2a were calculated from the data in Tables II and IV 
from the analogous equations 
(9) 
(10) 
Three iterations through this sequence of equations using the ORGLS 
fitting routine(41) gave two consistent sets of log Qna values with varia-
tions < 0.001 log units between the second and third iteration. 
The equilibrium quotients for the acid dissociation equilibria 
[Eqs. (3, 4)] were fitted as functions of temperature and ionic 
strength. The most precise measurements of pH are made with 
Hamed cells (without liquid junction). Equilibrium constants mea-
sured using this method(17,18) were incorporated into the fits with data 
obtained from the current investigation (Tables III and IV). In pre-
vious similar studies,02,14.16) the isocoulombic (or pseudo isocou-
lombic) approach,(42) which minimizes changes in electrostriction by 
representing ionic equilibria in terms of like charges, yielded a 
significantly simpler model to fit. Eqs. (1, 2) can be recast as, respec-
tively 
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and 
C2H4C204H2 + OH- p H20 + C2H4C20 4H-
C2H4C20 4H- + OH- p H20 + C2H4C20~-
(11) 
(12) 
with the corresponding stoichiometric equilibrium quotients obtained 
by combining Eqs. (3, 4) with the equilibrium quotient for water 
measured in the same aqueous medium 
[C2H 4C20 4H-] 
Qlb = [C2H4C204H2][OH-] (13) 
[C2H4C20~-] (14) 
The isocoulombic approach did not yield a simpler model in this 
study; thus, the values of log Qna rather than log Qnb are modelled as 
functions of ionic strength and temperature. For the first dissociation 
quotient the best fit with the least number of adjustable terms is 
shown in Eq. (15) 
~[{i a. _Ir-10gQla = Inl0 _,,+1Jln(1+b'l/]+PI+P2InT 
1 + b'l I 
+ P3T + (P4T + If)f(/) + (P6 + P7T )! (15) 
where the first term is the extended Debye-Htickel expression taken 
from the Pitzer ion-interaction treatment (with b and a. set at 1.2 and 
2.0, respectively).(43) The limiting slopes Aq, were calculated accord-
ing to Bradley and Pitzer.(44) Similarly, the function, j'(/) = {I 
-exp( -2 {i) [ 1 + 2{i]}, is analogous to the PI term of the ion-inter-
action modeL<43) The values determined for the adjustable para-
meters are: PI = -33.482, P2 = 6.1233, P3 = -0.018835, P4 = 
-4.9171xlO-4, Ps = -12.632, P6 = -0.34039, and P7 = 5.4484x10-4. 
The agreement factor 
AF = [LWi(';;~~ QcalcFr/2 (16) 
v 
for the fit is 2.918, where W is the squared reciprocal of the estimated 
error of any datum, Qobs is the experimentally determined value of 
Qna; Qcalc is derived from Eq. (15); N is the number of observed val-
ues; and N v is the number of independent variables. This value of AF 
indicates that the estimated uncertainties in log Q la are considerably 
less than the discrepancies between the fitting equation and the ex-
perimental values. The isothermal curves shown in Fig. 1 were gen-
Fig. 1. Log Q I b values are shown as a function of ionic strength. The solid 
isotherms were determined from an algebraic combination of Eq. (15), log Qw,(40) 
and the activity of water.(45) The symbols. and 0 represent the results of this study 
and that of Pinching and Bates,(18) respectively. 
erated from Eq. (15) and converted to the anionic form [Eqs. (11, 
13)] using the dissociation quotients for water measured in NaCl sol-
utions(40) and the activity of water in the same medium. (45) This pre-
sentation allows a better visual appreciation of the fitting equation: 
the corresponding acidic form shows a series of overlapping curves 
that are difficult to distinguish. 
The deviation plot in Fig. 2 shows a random distribution with 
excellent agreement between two previous studies and the present re-
sults. The maximum deviations in log Qla range from -0.010 to 
0.005 for literature data included in the fitting process(18) and -0.005 
to 0.001 for more recent measurements that were not included. (26) 
Excluding the former results from the fit according to Eq. (15) gave 
a better AF of 2.504 with log KIa values at infinite dilution being 
-0.009 at O°C to -0.012 at 50°C different from those obtained in the 
combined fit. Clearly these data sets are compatible as the average 
anticipated experimental uncertainty in log Qla (cr la in Table III) is 
0.011. 
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Fig. 2. Deviation plots of the experimentally-derived log Qla values from those 
calculated from Eq. (15) plotted vs. a.) temperature and b.) ionic strength. The sym-
bols represent: ., this study; 0, Pinching and Bates;(18) 0, De Robertis et al.(26) 
The thennodynamic quantities for the first acid dissociation quotient 
are listed in Table V at rounded ionic strengths and temperatures. In 
the derivation of these values, the changes in partial molar volume 
associated with Eq. (1) are assumed to be equal to those derived for 
the dissociation of water,(39) such that the pressure dependence of 
log Q la comes entirely from the dependence of log Qw. The validity 
of this assumption has been established for the case of benzoic(14) 
acid for which independent 10gK 1 data are available at pressures 
greater than the saturation vapor pressure of water. 
Pinching and Bates(17,18) listed log Om values from 26 sources 
published prior to 1950 originating from a diversity of experimental 
methods such as conductance, phase distribution, kinetics, solubility, 
and emf (with and without liquid junction). The scatter in these val-
ues is considerable, however, with agreement rarely better than ±0.05 
log units using the Pinching and Bates data as the standard for com-
parison. The log K..a value derived from a recent conductivity 
study(27) (Table I) of 4.245 at 25°C is in fair agreement with the cal-
culated value of 4.210. As discussed in detail by these authors,(27) the 
difficulty arises in the detennination of A ° for the bisuccinate ion. 
Using previously recommended values for this quantity gave 10gKia 
values in better agreement with the "accepted" value,(18) but this does 
indicate the shortcomings of the conductivity method for multiprotic 
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Table V. Summary of Thennodynamic Quantities for the First Acid 
Dissociation Quotient of Succinic Acid in Aqueous Sodium 
Chloride Media at the Saturation Vapor Pressurea 
t (0C) log QIa 1'1/11 a b I'1S lac I'1C p,l,c 
1= 0.0 
0 -4.27S±O.00S S.1±0.3 -63±1 -80±2 
2S -4.210±0.003 2.9±0.2 -71±1 -98±3 
SO -4.188±O.004 0.2±0.2 -80±1 -116±3 
100 -4.248±O.007 -6.S±O.2 -99±1 -lS3±4 
ISO -4A20±0.01O -lS.2±OA -120±1 -l92±S 
200 -4.678±O.014 -2S.8±O.6 -144±2 -241±6 
250 -S.OOS±O.021 -39.8±1.0 -172±2 -337±7 
1=0.1 
0 -4.068±O.007 S.1±0.3 -S9±l -80±2 
2S -3.992±O.004 2.9±0.2 -67±1 -98±3 
SO -3.9S7±O.004 0.2±0.2 -7S±1 -116±3 
100 -3.98S±O.00S -6.S±O.2 -94±1 -153±4 
150 -4.111±O.007 -lS.l±O.3 -114±1 -192±S 
200 -4.307±O.011 -2S.8±O.6 -137±1 -239±6 
2S0 -4.S46±O.017 -39.6±O.9 -163±2 -330±7 
1= O.S 
0 -3.98S±O.014 S.3±0.3 -S7±1 -79±2 
25 -3.898±O.01O 3.1±0.3 -64±1 -97±2 
50 -3.850±0.007 0.S±0.3 -72±1 -115±3 
100 -3.844±O.00S -6.2±O.2 -90±1 -lS2±4 
ISO -3.926±O.00S -14.7±O.3 -1l0±1 -190±S 
200 -4.065±O.007 -2S.3±O.5 -131±1 -236±6 
250 -4.228±O.0 13 -38.8±O.8 -lSS±2 -320±7 
1=1.0 
0 -3.99S±O.017 S.6±OA -S6±l -77±2 
25 -3.899±O.012 3.S±OA -63±1 -9S±2 
SO -3.839±O.009 0.9±0.3 -71±1 -113±3 
100 -3.807±O.006 -S.7±O.2 -88±1 -149±4 
150 -3.858±0.006 -14.0±0.3 -107±1 -188±5 
200 -3.9S8±O.008 -24.S±O.S -128±1 -233±6 
250 -4.069±O.0 13 -37.7±O.8 -150±2 -309±7 
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Fig. 3. Log Q2b values are shown as a function of ionic strength. The solid 
isotherms were determined from Eq. (17) in combination with log Qw. (40) and the ac-
tivity of water. (45) The symbols * and 0 represent the results of this study and that 
of Pinching and Bates.(17) respectively. 
ture or ionic strength (Fig. 4) and are again in good agreement with 
the results of two previous studies.(17,26) In this case, the maximum 
deviations ranged from -0.002 to 0.003,(17) and -0.012 to 0.004.(26) 
If the results of Pinching and Bates(17) are excluded, the AF improves 
to 0.986. The resulting changes in the predicted values of Q2a range 
from -0.027 log units at O°C to -0.039 log units at 50°C and are evi-
dence that these earlier, more accurate results influence the fit by ap-
proximately the average experimental uncertainty in the present 
log Q2a values (±0.029). 
As described above for the first dissociation equilibrium, the 
values of f..H'}a, f..S2a, and f..Cp 2a listed in Table VI were obtained from 
numerical differentiation of Eq. (17). The value of f..H~298 given in 
Table VI lies just outside the experimental uncertainty reported by 
Christensen et al. (23) (Table I). 
The temperature dependencies of the infinite dilution 10gKna 
values derived from Eqs. (15, 17) are illustrated in Fig. 5 by the solid 
curves, which have been extrapolated beyond the range of data col-
lected in this study. Interestingly, the dashed curves originating from 
the functions proposed by Pinching and Bates(17.18) are in surprisingly 
















• · : .. . 













o 1 2 3 4 5 
Ionic Strength 
Fig. 4. Deviation plots of the experimentally-derived log Q2a values from those 
calculated from Eq. (17) plotted vs. a.) temperature and b.) ionic strength. The sym-
bols are represent: +, this study; 0, Pinching and Bates;(17) 0, De Robertis et al.(26) 
good agreement with the combined fits resulting from Eqs. (15, 17), 
over the measured range of 0 to 225°C. This suggests that in certain 
cases, good estimates of the enthalpy and heat capacity for a 
reaction can be obtained from very precise Gibbs energy data over a 
restricted temperature interval. It should be stressed that these au-
thors never claimed that their equations were valid beyond the mea-
sured temperature range (0 to 50°C). 
Also shown in Fig. 5 are the results of fits of the log Kna results 
at 25°C intervals from 0 to 225°C obtained by applying simple tem-
perature - density functions to the smoothed values from Eqs. (l5, 
17), respectively, as well as the equilibrium constants reported by 
Pinching and Bates. (17,18) 
log KIa = -3.0605 - 334.68 / T 
+ (6.9980 + 3437.0/ T)log (Pw) 
log K 2a = -4.4767 - 329.09/ T 
+ (-2.9722 + 12749/ T)log (Pw) 
(18) 
(19) 
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Table VI. Summary of Thermodynamic Quantities for the Second 
Dissociation Quotient of Succinic Acid in Aqueous Sodium 
Chloride Media at Saturation Vapor Pressurea 
teC) log Q2a /:,.H2a /:,.S2a /:"Cp ,2a 
1= 0.0 
0 -S.674±O.002 4.8±0.2 -90.9±O.8 -21S±8 
25 -S.638±O.00l -O.S±O.1 -109.7±OA -21S±8 
SO -S.681±O.002 -S.9±O.2 -127.0±0.7 -21S±8 
100 -S.919±O.01O -16.6±O.6 -IS8±2 -21S±8 
ISO -6.278±O.022 -27.S±1.0 -18S±3 -219±8 
200 -6.702±O.037 -38.6±1.4 -210±4 -231±8 
2S0 -7.159±O.OS4 -S1.2±1.8 -23S±4 -311±8 
1=0.1 
0 -S.274±O.004 -4.7±O.3 -84±1 -217±8 
25 -S.221±O.00S -0.7±O.1 -102.3±OA -217±8 
SO -S.241±O.00S -6.1±O.2 -119.3±O.S -218±8 
100 -S.419±O.006 -17.0±0.S -149±2 -219±8 
ISO -S.696±O.017 -28.0±0.9 -175±2 -222±8 
200 -6.00S±O.030 -39A±1.3 198±3 -234±8 
2S0 -6.296±O.046 -S2.0±1.7 220±4 -309±8 
1=0.5 
0 -S.13S±O.012 4.8±OA -81±1 -222±7 
25 -5.06S±O.014 -0.7±O.2 -99A±O.9 -223±7 
SO -S.06S±O.OlS -6.3±O.2 -116.S±O.6 -224±7 
100 -S.195±O.013 -17.S±OA -146±1 -225±7 
ISO -S.40S±O.OlS -28.9±O.8 -172±2 -229±7 
200 -5.624±O.023 -40.6±1.1 -193±3 -241±7 
250 -5.786±O.03S -S3.S±1.4 -213±3 -309±7 
1=1.0 
0 -S.162±O.018 SA±O.S -79±2 -22S±7 
25 -5.074±O.018 -0.3±O.3 -98±1 -226±7 
SO -S.OS7±O.019 -S.9±O.3 -llS±l -227±7 
100 -S.149±O.OI9 -17.4±OA -14S±1 -230±7 
150 -5.31S±O.OI9 -28.9±O.7 -17(}t-~ -234±7 
200 -S.4 77±O.024 -40.9±I.0 -191±2 -24S±7 
250 -S.562±O.033 -S3.9±1.3 -210±3 -308±6 
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Table VI. Continued 
t (0C) log Q2a Ml2a tlS2a tlCp•2a 
1= 3.0 
0 -S.480±0.038 8.7±0.8 -73±3 -230±7 
2S -S.323±O.029 2.9±0.7 -92±2 -232±7 
SO -S.241±O.024 -2.9±O.6 -109±2 -233±7 
100 -S.211±O.020 -14.6±O.6 -139±2 -236±6 
ISO -S.2S4±O.020 -26.S±O.7 -163±2 -241±6 
200 -S.280±0.02S -38.8±1.0 -183±2 -2S1±6 
2S0 -S.194±O.033 -S1.9±1.2 -199±3 -300±6 
1= S.O 
0 -S.789±O.OS2 12.S±1.1 -6S±3 -232±7 
2S -S.S62±O.039 6.7±1.0 -84±3 -233±7 
SO -S.419±O.032 0.9±1.0 -101±3 -23S±6 
100 -S.279±O.030 -11.0±0.9 -130±3 -238±6 
ISO -S.221±O.036 -23.0±1.0 -lS4±3 -243±6 
200 -S.146±O.044 -3S.3±1.1 -173±3 -2S1±6 
2S0 -4.946±O.OS3 -48.3±1.3 -187±3 -291±6 
a See Table V for footnotes. 
here Pw represents the density of water from Haar et al. (36) The den-
sity functions allow retrieval of thermodynamic data, including values 
of L\ VO for the dissociation reactions [Eqs. (1, 2)]. The assumption 
that the pressure dependence of Qla is the same as for Qw [made in 
retrieving the thermodynamic data from Eq. (15)] is justified: the 
values for L\ l1a are nearly identical to those for the dissociation of 
water. On the other hand, values for L\ V~ have considerably greater 
magnitude than those for L\ V~ and the assumption that L\ ~a '" L\ V~ 
introduces error to the derived thermodynamic properties at tempera-
tures greater than 100°C. As shown previously for a variety of equi-
libria, (13,14,46) these simple density functions give a reliable fit to the 
data and offer a conservative means of extrapolation of the Gibbs en-
ergy results to higher temperatures and pressures than could be ob-
tained experimentally. Equations (17,18) yield values of L\Cp that are 
maximized near 50°C and decrease to negative infinity as the critical 
point of water is approached. This behavior is in accord with that ob-
served for a number of aqueous ionization reactions.(47) The density 
model presented in Eqs. (17, 18) is consistent with current knowledge 
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Table VII. Summary Molal Thennodynamic Parameters for the First 
Dissociation of Succinic Acid at Infinite Dilution and at Saturation 
Vapor Pressure Retrieved From Eq. (18) 
t (0C) log KIa /).Hfaa /)'S~ab CO b /). p2a /). V~ac /). V~ wc,d 
0 -4.827 7.4 -55.0 -244 -23 -24.1±2.2 
25 -4.207 2.9 -70.7 -140 -21 -23.0±1.9 
50 -4.188 -0.2 -81.0 -121 -21 -22.8±1.7 
75 -4.208 -3.3 -90.0 -123 -22 -23.7±1.6 
100 -4.257 -6.4 -98.8 -134 -25 -25.8±1.6 
125 -4.328 -10.0 -108.0 -154 -28 -29.2±1.6 
150 -4.420 -14.2 -118.2 -185 -33 -34.0±1.7 
175 -4.533 -19.4 -130.0 -234 -40 -40.3±1.8 
200 -4.668 -26.0 -144.3 -309 -50 -48.5±2.3 
225 -4.829 -34.9 -162.5 -432 -64 -59.6±3.3 
250 -5.022 -47.5 -187.0 -649 -87 -76.4±5.1 
275 -5.258 -66.9 -222.7 -1080 -125 -106±9 
300 -5.558 -100.0 -281.0 -2122 -199 -166±18 
a Units: kJ-mol- l . b Units: J-mol-I-K-I. C Units: cm3-mol- l . d /). V~w partial molar 
volume change for dissociation of water from Busey and Mesmer.(40) 
Table VIII. Summary Molal Thennodynamic Parameters for the 
Second Dissociation of Succinic Acid at Infinite Dilution and 
at Saturation Vapor Pressure Retrieved From Eq. (19) 
t eC) logK2a M/~a /).S2a /)'C~2a /). V2a /). V2w 
0 -5.685 8.5 -77.7 -550 -51 -24.1±2.2 
25 -5.631 -1.0 -111.2 -277 -45 -23.0±1.9 
50 -5.686 -6.9 -130.2 -207 -43 -22.8±1.7 
75 -5.794 -11.7 -144.7 -184 -44 -23.7±1.6 
100 -5.934 -16.3 -157.2 -181 -48 -25.8±1.6 
125 -6.096 -20.9 -169.2 -192 -52 -29.2±1.6 
150 -6.276 -26.0 -181.6 -221 -59 -34.0±1.7 
175 -6.471 -32.1 -195.4 -272 -69 -40.3±1.8 
200 -6.685 -39.7 -212.0 -360 -84 -48.5±2.3 
225 -6.922 -50.1 -233.1 -511 -104 -59.6±3.3 
250 -7.190 -65.1 -262.1 -786 -137 -76.4±5.1 
275 -7.504 -88.6 -305.3 -1350 -191 -106±9 
300 -7.889 -130.0 -377.9 -2730 -295 -166±18 
a See Table VII for footnotes. 
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Fig. 5. The temperature dependence of log K 13 and log K 23 derived respectively 
from: Eqs. (15, 17), solid lines; the density relationships given in Eqs. (18, 19), 
dashed-dot; and the equations reported by Pinching and Bates.(17,18) 
of the thermodynamics of ionization reactions and is superior to the 
empirical models presented in Eqs, (15, 17) for extrapolation pur-
poses, 
5. CONCLUSIONS 
The dissociation quotients of succinic acid were measured in 
aqueous N aCI media at temperatures ranging from 0 to 225°C. The 
results are in good quantitative agreement with two previous poten-
tiometric measurements made at low temperatures and ionic 
strengths, Succinic acid proved to be far more stable thermally than 
either oxalic(lS) or malonic acid,(16) which were studied previously in 
this program. In contrast to earlier studies of this nature,(12,14.16) em-
pirical equations are presented that provide satisfactory fits of the 
acid dissociation quotients with equal complexity in terms of the 
minimum number of adjustable parameters required to the fits of the 
corresponding all anionic, or basic, forms, Tables of thermodynamic 
data are presented for the dissociation equilibria written in the acidic 
form and alternative solvent density functions are given for extrapo-
lation of the infinite dilution log Kna values to higher temperatures. 
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